which AvrB and AvrRpm1 modify RIN4 to interfere with dopsis plants expressing the bacterial effector protein AvrRpt2 under the transcriptional control of the weak its regulation of defense responses, but the RIN4 modifications are perceived by RPM1, which subsequently RPS2 native 5Ј genomic DNA sequence (Chen et al.,
2000). Such plants allow increased growth of virulent triggers disease resistance (Mackey et al., 2002). In this model, RPM1 recognizes and responds to biochemical
Pst while abrogating the function of the RPM1 disease resistance gene, indicating that AvrRpt2 acts a virulence perturbations of a host protein wrought by pathogen effectors, rather than by direct binding of the effectors factor from within the plant cell in the absence of RPS2 recognition and is able to interfere with the function of themselves.
We set out to study the molecular mechanism of RPM1. Attempts to detect AvrRpt2 protein in these plants with polyclonal antisera failed, presumably due pathogen recognition by the Arabidopsis NB-LRR protein RPS2, which functions to recognize the Pst TTSS to a very low expression level (data not shown); therefore, we also generated transgenic Arabidopsis plants effector protein AvrRpt2 (Bent et al., 1994; Innes et al., 1993; Mindrinos et al., 1994) . Herein, we report that RPS2 expressing HA-tagged avrRpt2 from the control of the RPS2 native promoter in the rps2-101C background (see recognition also correlates with an effector protein induced modification of RIN4. We demonstrate that Experimental Procedures; Figure 1A ). An avrRpt2-HA line was isolated that, like the untagged line of Chen et AvrRpt2 causes the posttranscriptional elimination of RIN4 concurrent with RPS2 activation. Elimination of al. (2000), lacked the ability to restrict the growth of PstavrRpm1 ( Figure 1C ). Our AvrRpt2-HA line expressed RIN4 can occur in the absence of RPS2 or an intact RPS2 signaling pathway and is therefore upstream of a detectable amount of AvrRpt2-HA at the expected molecular weight for the N-terminal processed form RPS2 function. RPS2 and RIN4 are physically associated in planta prior to infection, implying that RPS2 recwhich is sufficient for AvrRpt2 function in planta ( Figure  1D ; Mudgett and Staskawicz, 1999 Figure 1A ). The RPS2-HA transgene complements the rps2-101C null mutation 2000). To empirically determine the subcellular localization of functional RPS2 within plant cells, we first fracas demonstrated by the restricted growth of Pst-avrRpt2 ( Figure 1B) . We noted that the RPS2-HA lines tested tionated crude lysates from RPS2-HA transgenic plants into soluble and total membrane fractions. RPS2-HA restricted the growth of Pst-avrRpt2 to a greater degree than wild-type plants carrying native RPS2. We also from two independent transgenic lines is detected exclusively in a total membrane fraction ( Figure 2A ). Furobserved that the RPS2-HA transgenic plants responded with visible tissue collapse more rapidly than ther subfractionation of total membranes using a polyethylene glycol 4000/Dextran T-500 aqueous two-phase wild-type (5 hr versus 21 hr) after inoculation of high densities of Pst-avrRpt2 (data not shown). We suspect system allowed us to derive a membrane fraction selectively enriched for plasma membranes (Schaller and Dethis apparently heightened activity of the transgene to be due to a greater expression level of RPS2. However, Witt, 1995). RPS2-HA partitions with proteins known to reside in the plasma membrane, indicating that RPS2-the RPS2-HA transgene does not cause a general increase in bacterial disease resistance, since the non-HA is a plasma membrane-associated protein ( Figure  2B ). We tested whether RPS2-HA remained membranerecognized virulent Pst-EV strain proliferates to the same level as in wild-type and rps2-101C plants (Figure associated during pathogenesis by high-density bacterial inoculations with a virulent, non-recognized strain, 1B). Immunoblotting crude lysates from several complementing RPS2-HA lines with anti-HA monoclonal antiPst-EV; the RPS2-HA recognized strain Pst-avrRpt2; and strains recognized by other Arabidopsis NB-LRR bodies revealed a transgene-specific species at approximately 110 kDa, which corresponds closely to the genes (Pst-avrRpm1 and Pst-avrPphB; recognized by RPM1 and RPS5, respectively). As shown in Figure 2C , predicted molecular weight of 105.8 kDa ( Figure 1D ). Line 52 had the highest apparent expression of RPS2-RPS2-HA clearly remains associated with a total membrane fraction after inoculation with all strains tested. HA, and was used for further study.
Chen and colleagues described transgenic ArabiWe also noted that, in contrast to the NB-LRR protein Figure 2C) . Therefore, the membrane association and abundance of RPS2-HA does not significantly pears to be hyperphosphorylated in the presence of AvrB and AvrRpm1 and is required for the stability of change during infection. We tested whether RPS2-HA could be removed from membranes under conditions RPM1 protein, leading to the hypothesis that RPM1 is known to solubilize peripheral membrane proteins. activated in response to the AvrB or AvrRpm1-mediated Treatment of total membranes with 1.5 M NaCl, 100 mM phosphorylation of RIN4. As discussed above, transNa 2 CO 3 , 1996) . Since the RIN4 protein is required for the membrane association of RPS2-HA. However, conthe stability of RPM1, we examined whether the abrogatrol treatments using 1% SDS were able to solubilize tion of RPM1 function in AvrRpt2-expressing transgenic RPS2-HA completely, indicating that the inability to replants correlates with a loss of the RIN4 protein. We move RPS2-HA from membranes using gentler treatimmunoblotted crude lysates from AvrRpt2 and ments does not reflect the formation of insoluble aggreAvrRpt2-HA transgenic plants using a RIN4 polyclonal gates (data not shown). Therefore, RPS2-HA behaves antisera and found that while RIN4 was abundant in like an integral membrane protein, as high salt, high pH, wild-type and rps2-101C control lysates, it was not deor urea were unable to release it from membranes. Since tected in either AvrRpt2-expressing line ( Figure 3A ). This RPS2-HA appears to function at the plasma membrane, effect is posttranscriptional since the levels of RIN4 we examined whether AvrRpt2-HA also was membranemRNA are equivalent in wild-type, rps2-101C, and associated in our transgenic plants. Figure 2E shows AvrRpt2/rps2-101C plants ( Figure 3B ). Therefore, AvrRpt2 that functional AvrRpt2-HA expressed within stable either causes the degradation of RIN4 or inhibits the transgenic plants fractionates with total membranes. translation of the RIN4 mRNA. The similar subcellular localization of AvrRpt2 and RPS2
To test whether AvrRpt2-mediated elimination of RIN4 suggests that the two may be in close proximity during also occurs during bacterial pathogenesis, we inocuinfection. lated high densities of Pst-avrRpt2 into wild-type Arabidopsis leaves followed by RIN4 immunoblotting. As shown in Figure 3C . We tested whether either of these genes, which are required for RPS2 function, are also required for AvrRpt2-mediated elimination of RIN4. As shown in Figure 3C , RIN4 is not detected in either the ndr1-1 and Atrar1-20 backgrounds after exposure to Pst-avrRpt2. We therefore conclude that neither RPS2 nor an intact RPS2 signaling pathway is necessary for AvrRpt2-mediated elimination of RIN4. We also noted that no detectable RIN4 breakdown products were observed via immunoblot as the elimination of RIN4 took place following bacterial inoculation (data not shown). Curiously, we observed an approximately 65 kDa band recognized by the polyclonal antisera sera that was induced by pathogens regardless of the presence of avrRpt2 (Figure 3C, * RPS2-HA and T7-RIN4. Tissue from these F1 hybrid lines was used as the source material for immunoprecipitation (IP) experiments. Control IPs using anti-HA recovered RPS2-HA from RPS2-HA tissue, but no crossreactit occurs in the rps2-101C background. The function of RPS2 also requires both NDR1, encoding a putative ing species from T7-RIN4 tissue (Figure 4 ; lanes 2 and 6). Conversely, control IPs using anti-T7 recovered T7-membrane-bound protein, and AtRAR1, encoding a protein hypothesized to be an accessory protein within an RIN4 from T7-RIN4 tissue, but only a weak non-specific crossreacting species was seen using RPS2-HA tissue SCF-type E3 ubiquitin ligase complex (Century et al., ( Figure 4; lanes 4 and 8) . When using hybrid RPS2-HA/ that are not recognized by RPS2 fail to eliminate RIN4. The AvrRpt2-mediated disappearance of RIN4 does not T7-RIN4 lysates in IPs, anti-HA precipitated both RPS2-HA and T7-RIN4 (Figure 4; lanes 10 and 14) . The reciprodepend upon RPS2, or upon NDR1 and AtRAR1, both of which are required for RPS2 signaling. Therefore, cal experiment using anti-T7 was also able to precipitate both T7-RIN4 and RPS2-HA from hybrid lysates (Figure the elimination of RIN4 by AvrRpt2 correlates with the initiation of RPS2 defense responses. These data sug-4; lanes 12 and 16). We also were able to precipitate RPS2-HA using anti-RIN4 from either RPS2-HA or RPS2-gest a model in which RPS2-mediated pathogen recognition functions not by direct binding of AvrRpt2, but HA/T7-RIN4 (Figure 4; lanes 3, 11, and 15) . Based upon these data, we conclude that RPS2 and RIN4 are directly indirectly as a result of the disappearance of RIN4 (Figure 5A ). or indirectly associated within the plant cell. The physical interaction of RPS2 and RIN4 is consistent with the The plasma membrane association of RPS2 is unexpected since its inferred amino acid sequence is largely plasma membrane localization of RPS2, since RIN4 is also a plasma membrane-associated protein ( . We were therefore surprised to discover that stable transgenic plants al., 1998). Thus, RPS2-HA has the biochemical properties of an integral membrane protein without an obvious expressing the AvrRpt2 or AvrRpt2-HA protein were RIN4 protein null without any activation of defense reintegral membrane primary structure. We believe that these fractionation data are not due to mislocalization sponses. In fact, these plants displayed the opposite phenotype of enhanced disease susceptibility to bacteof an aberrantly expressed transgene since RPS2-HA was expressed from the RPS2 native promoter, fully rial pathogens (Chen et al., 2000) . These apparently contradictory results could be explained by a scenario in complemented for RPS2 function, and had none of the constitutive defense responses that would be expected which RIN4 depletion results in activation of RPS2 and subsequent activation of defense responses. This is from overexpressed RPS2. These observations, combined with the fact that the other components required consistent with our hypothesis for indirect recognition of AvrRpt2 by RPS2 via RIN4 disappearance; rin4 null/ for RPS2 function (AvrRpt2 and RIN4) are also membrane proteins, argue that RPS2-mediated pathogen RPS2 plants are not viable due to constitutive activation of RPS2-dependent defense responses. In contrast, the recognition takes place at the plasma membrane.
The RIN4 Immunocomplexes were recovered by centrifugation at ‫0001ف‬ ϫ g max , washed 5ϫ in buffer AЈ, and resuspended in SDS sample buffer with a concentration of OD 600nm of 0.05 with a needle-less 1 ml syringe. High-density vacuum infiltrations were performed with a conprior to SDS-PAGE and immunoblotting. centration of OD 600nm at 0.05 with the use of a vacuum pump and bell jar.
